The platelet-derived growth factor (PDGF) signaling pathway has been found to be activated in human pulmonary arterial hypertension (PAH) and in animal models of the disease. Our study tested the hypothesis that a novel, nonselective inhaled PDGF receptor inhibitor, PK10453, would decrease pulmonary hypertension both in the rat monocrotaline (MCT) model and the rat MCT plus pneumonectomy (MCT+PN) model of PAH. PK10453, delivered by inhalation for 4 (D4)-and 8 (D8)-minute exposures 3 times a day for 2 weeks, decreased right ventricular systolic pressure (RVSP) in both the rat MCT and rat MCT+PN models: RVSP was 80.4 AE 2.6 mmHg in the vehicle MCT group (n ¼ 6), 44.4 AE 5.8 mmHg in the D4 MCT group (n ¼ 6), and 37.1 AE 4.5 mmHg in the D8 MCT group (n ¼ 5; P < 0.001 vs. vehicle); RVSP was 75.7 AE 7.1 mmHg in the vehicle MCT+PN group (n ¼ 9), 40.4 AE 2.7 mmHg in the D4 MCT+PN group (n ¼ 10), and 43.0 AE 3.0 mmHg in the D8 MCT+PN group (n ¼ 8; P < 0.001). In the rat MCT+PN model, continuous telemetry monitoring of pulmonary artery pressures also demonstrated that PK10453 prevented the progression of PAH. Imatinib given by inhalation was equally effective in the MCT model but was not effective in the MCT+PN model. Immunohistochemistry demonstrated increased activation of the PDGFβ receptor compared to the PDGFα receptor in neointimal and perivascular lesions found in the MCT+PN model. We show that imatinib is selective for the PDGFα receptor, whereas PK10453 has a lower half-maximal inhibitor concentration (IC50) for inhibition of kinase activity of both the PDGFα and PDGFβ receptors compared to imatinib. In conclusion, PK10453, when delivered by inhalation, significantly decreased the progression of PAH in the rat MCT and MCT+PN models. Nonselective inhibition of both the PDGFα and PDGFβ receptors may have a therapeutic advantage over selective PDGFα receptor inhibition in PAH.
METHODS

Materials
PK10453, (R-phenyl)pyrazin-R-methylnicotinamide, was synthesized by Organix (Woburn, MA). Imatinib mesylate was obtained from LC Laboratories (Woburn, MA). Human fetal lung fibroblasts (HLFs) were obtained from Cell Applications (San Diego, CA). DMEM (Dulbecco's Modified Eagle Medium) was obtained from Mediatech (Manassas, VA). PDGF AA, PDGF BB, and Glutamax were obtained from Life Technologies (Grand Island, NY). Paratoluene sulfonic acid, ammonium hydroxide, IR-780, and MCT (C2401; lots 031M1921V and SLBB7802V) were obtained from Sigma Aldrich (St. Louis, MO). Anti-phospho-AKT(Ser473), anti-phospho-AKT(Thr308), pan-AKT (mouse mAB [CST2920] and rabbit mAb [CST2965]), anti-phospho-ERK1/2 (extracellular signal-regulated kinases 1/2), antiphospho-STAT3 (signal transducer and activator of transcription 3), and total STAT3 antibodies were obtained from Cell Signaling Technologies (Waltham, MA). Antitotal ERK1/2 antibody was obtained from Protein Simple (Santa Clara, CA). Anti-von Willebrand factor (vWF), actin, phospho-PDGFRα (Y754), and PDGF BB antibodies were obtained from AbCam (Cambridge, MA). Antibodies against PDGF AA (sc-128), PDGFRα (sc-338), PDGFRβ (sc-432), and phosphorylated PDGFRβ (p-PDGFRβ; Tyr 1021; sc-12909) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The 680LT goat anti-mouse immunoglobin G (IgG), IRDye 800 W goat anti-rabbit IgG, and Odyssey blocking buffer were obtained from LI-COR (Lincoln, NE).
In vitro kinase assay A Z-lyte kinase assay was performed to determine the inhibition of PDGFRα-and PDGFRβ-mediated phosphorylation by PK10453 and imatinib. Ten-point titration curves were modeled to calculate the half-maximal inhibitor concentration (IC50; Invitrogen Select Screen).
In-cell Western assay
To compare the inhibitory profiles of PK10453 and imatinib for PDGF BB-and PDGF AA-stimulated AKT phosphorylation, we performed an in-cell-Western assay according to the method of Chen et al., 9 with slight modifications. HLFs were maintained in subculture at no more than 6 passages in DMEM with 5% fetal bovine serum (FBS) and 4 mM Glutamax at 37°C and 5% CO 2 . HLFs were plated and grown to 70%-80% confluence in 96-well plates and then serum starved for 48 hours. Cells were treated with the drug (PK10453 or imatinib) at indicated concentrations for 30 minutes and then exposed to 10 ng/ mL PDGF AA or PDGF BB for a period of 7.5 minutes. Cells were fixed in 3.7% formaldehyde, washed with 0.1% Triton X-100, and treated with Odyssey Blocking Buffer for 90 minutes. Proteins were incubated overnight with 1 ∶ 100 diluted rabbit mAb to phosphorylated AKT(Ser473 or Thr308) and 1 ∶ 100 mouse mAb to total AKT-pan-4040D. Antibodies were detected by means of IRDye 680LT goat anti-mouse IgG and IRDye 800 W goat anti-rabbit IgG conjugated antibodies. After the final wash, signal was quantified with an Odyssey Infrared Imaging System (LI-COR). Phosphoprotein signal (800 nm) was normalized to the total protein signal (700 nm) acquired from each well, and experimental duplicates on same plate were averaged and reported.
Animals
Male Sprague Dawley rats (weight: 300-330 g; Taconic) were used for this study. Animals were housed in standard rat cages with a 12-hour light/dark cycle, and standard rat chow and water were provided ad lib. Animals were cared for and used in accordance with the National Institutes of Health Guide for the Care and Use of Animals. All animal protocols were approved by the Bassett Medical Center and Pulmokine Institutional Animal Care and Use Committee.
Formulation and aerosol delivery PK10453 was dissolved at a concentration of 20 mg/mL in 1 M tosylic acid. Nebulization was performed with a PARI nebulizer with an air pressure of 12.5 psi. The aerosol droplets were neutralized by ammonia vapor that was passed into the aerosol airstream. The particles were then dried by passage through an annular ring of silica bead cartridges before reaching the exposure chamber. The 6-port exposure chamber was a nose-only exposure system custom designed and built by Powerscope (Minneapolis, MN). The vacuum flow rate at each port was separately controlled by a flow meter. The aerosol particle size was measured at the exit port of the drying column with an Anderson (Mark II) cascade impactor. The mass median aerodynamic diameter was 2 μm, and the associated geometric standard deviation was 1.6. Imatinib mesylate was dissolved in water at 20 mg/mL, delivered by a PARI nebulizer, and then dried by passage through an annular ring of silica bead cartridges prior to inhalation.
Estimation of inhaled dose Filters exposed to PK10453 for either 4 or 8 minutes (n ¼ 6 each group) via the Powerscope exposure chamber were placed in amber glass vials. Twelve (12) milliliters of 1 ∶ 3 (v/v) methanol ∶ acetonitrile were added to each vial containing a filter for approximately 1 hour, with periodic mixing, followed by sonication for 60 seconds. An aliquot was then diluted 100-fold by adding 10 μL of unknown filter extract to 990 μL of 1 ∶ 3 (v/v) methanol ∶ acetonitrile. Samples were vortex mixed for 30 seconds, and then a 100-μL diluted aliquot was combined with 100 μL of a 172-ng/mL solution of a non-chemically related internal standard (PK18855) in 1 ∶ 1 methanol ∶ water, vortex mixed, and transferred to autosampler vials for LC-MS/MS (liquid chromatography with tandem mass spectrometry) analysis. Filter extracts were compared against a calibration curve prepared in 100% methanol (PharmOptima, Portage, MI). The calculated aerosol concentration of PK10453, in micrograms per liter of air, was based on the average total micrograms of PK10453 on the filters for the 4-and 8-minute exposure times and the flow rate past each filter (0.8 L/min). The inhaled dose was calculated with the average concentration of PK10453 per square centimeter of filter paper (average of 4-minute and 8-minute exposures), the average minute ventilation (MV) measured by plethysmography (0.15 L/min), and an estimated deposition fraction of 0.1. 10 Calculation of the imatinib 8-minute dose was based on gravimetric analysis.
Imaging
The spatial distributions of inhaled PK10453 and imatinib in the lung were evaluated by fluorescent imaging. For this study, a near-infrared (IR) fluorescent tracer, IR-780, was added to the drug solution in the nebulizer. In this way, the dried aerosol particles contained both the drug and the IR tracer. After a 2-minute (PK10453) or 8-minute (imatinib) exposure, animals were placed under general anesthesia and underwent intubation via tracheostomy, and the lungs were excised. Optimal cutting temperature compound-phosphate-buffered saline (OCT/PBS) was infused via the pulmonary artery, and the lungs were insufflated with air and frozen in the vapor phase of liquid nitrogen. Serial approximate 2-mm sections of the lung were made and imaged on a LI-COR Odyssey Imager.
Pharmacokinetic studies PK10453 was administered intravenously (1 mg/kg) or by inhalation (8-minute exposure) to animals, which were then euthanized at times 0, 10, 20, and 60 minutes (n ¼ 3 at each time point). Blood samples were taken by cardiac puncture, and the lungs were excised. The lungs were homogenized, and PK10453 was extracted with a 1 ∶ 3 mixture of acetonitrile ∶ methanol. Similarly, plasma was extracted with a 1 ∶ 3 mixture of acetonitrile ∶ methanol. The drug was assayed by LC-MS/MS (PharmOptima). Firstorder exponential curves were fitted to the data with Excel. The area under the curve (AUC) was determined with the trapezoidal method of integration.
Efficacy studies in the rat MCT model Efficacy study 1: PK10453 dose-response study in the rat MCT model. Male Sprague-Dawley rats received 60 mg/kg MCT intraperitoneally (IP). After 3 weeks, PK10453 or a vehicle control was administered by inhalation. Four groups were studied: vehicle control (4-minute exposure) and three treatment groups of PK10453, with exposure times of 2 minutes (D2), 4 minutes (D4), or 8 minutes (D8) 3 times a day. These regimens were administered for 2 weeks. The vehicle consisted of aerosolized 1 M tosylic acid neutralized with ammonia vapor as described above. The pH of a solution prepared by dissolving captured aerosol particles in water was measured for every dose and was consistently in the range of 5.5-6.0. At the end of the study, the RVSP was measured, and the heart chambers were dissected and weighed.
Efficacy study 2: PK10453 versus imatinib in the rat MCT model. In this study, male Sprague Dawley rats were given 60 mg/kg MCT IP. Three weeks later, vehicle (1 M tosylic acid), PK10453 (20 mg/mL free base in 1 M tosylic acid), or imatinib mesylate (20 mg/mL in nebulizer solution) was administered to designated groups for 8-minute inhalation exposures, 3 time a day, for 2 weeks. At the end of the study, RVSP was measured, and the lungs and heart were fixed in formalin. For measurement of RVSP, animals were sedated with isoflurane, intubated via a tracheostomy, and ventilated with a TOPOVENT pressure-regulated ventilator (peak inspiratory pressure: 18 cm H 2 O; positive end-expiratory pressure [PEEP]: 5 cm H 2 O). A sternotomy was performed, and a Scisense highfidelity catheter was inserted via the right ventricular (RV) apex.
Efficacy studies in the rat MCT+PN model Telemetry efficacy studies 3 and 4 in the rat MCT+PN model. Pneumonectomy and implantation of a TRM53P or DSI PAC40 telemetry monitor in the pulmonary artery (Telemetry Research, Auckland, New Zealand, and DSI, Minneapolis, MN) were carried out in rats. In protocol 3 (PK10453 vs. vehicle), the animals received TRM53P transmitters, and 60 mg/kg MCT IP (lot 031M1921V) was administered after the animals had fully recovered from surgery. Two weeks after MCT administration, PK10453 or vehicle was administered (4-minute exposure 3 times daily for 9 days). Dosing was begun 2 weeks after MCT administration rather than after 3 weeks, because in this more aggressive model the animals developed PAH more quickly and developed distress sooner than in MCT-only treatment. 11 Sampling of pulmonary artery (PA) pressure was performed for 5 minutes before each morning dose in ambulatory animals in room air. In protocol 4 (imatinib vs. vehicle), the animals received DSI PAC40 transmitters, followed by 50 mg/kg MCT IP (lot SLBB7802V). A lower dose of MCT was used for this study because attempts to use 60 mg/kg of this lot of MCT resulted in the need for early euthanasia in a high proportion of animals due to weight loss and tachypnea. Two weeks after MCT IP injection, vehicle (mesylate 3 mg/mL) or imatinib mesylate (20 mg/mL in nebulizer solution) was administered for 8-minute exposures 3 times a day for 9 days. Telemetry data were obtained for 10 minutes daily before each morning dose for this protocol.
Efficacy study 5: measurement of RV pressure and pressure-volume loops in the MCT+PN model; PK10453 dose-response study. In a separate cohort of animals, the MCT+PN model was developed as described above, and PK10453 was then administered for 4 or 8 minutes 3 times a day to the drug-treated group. The vehicle-control group underwent 4-minute exposures 3 times a day. RV pressures were obtained in each group after 14 days of treatment. In a subset of each group, pressure-volume (PV) loops were obtained with an admittance system (high-fidelity catheter FTE1918B, Scisense) after 14 days of treatment. After induction of general anesthesia and intubation via tracheostomy, the rats were placed on a pressure-controlled ventilator (TOPOVENT). General anesthesia consisted of isoflurane and 100% FiO 2 , with peak inspiratory pressure set at 18 cm H 2 O and PEEP at 5 cm H 2 O. A left thoracotomy was performed, and the admittance catheter was inserted into the RV via the RV outflow tract.
Systemic blood pressure (BP) study
The effect of PK10453 on systemic BP was studied in ambulatory MCT-treated rats with DSI PAC40 transmitters implanted in the descending aorta. Three weeks after administration of MCT 60 mg/kg IP, animals inhaled PK10453 or vehicle 3 times/day, with a 4-minute exposure of each dose for 7 days. BP was recorded before each morning dose.
Plethysmography
Plethysmography was performed with an EMKA dualchamber plethysmograph and IOX software. Parameters measured included breathing frequency, tidal volume, MV, peak inspiratory and expiratory flow, and airway resistance. Animals were acclimatized to the plethysmograph for 3 days before first data acquisition. Measurements were made before the first dose of drug and at the end of the study.
Histology and morphometric analysis
At the end of the study, the heart and lungs were removed from ventilated animals under general anesthesia. Heparinized saline was infused under pressure through the main pulmonary artery. The right upper lobe was immediately tied off and placed in liquid nitrogen for NanoPro 100 assay analysis. The heart was removed, and the RV free wall, interventricular septum, and left ventricular (LV) free wall were dissected and weighed. Buffered formalin (10%) was infused under pressure through both the pulmonary artery and the trachea. Morphometric analysis was performed on H&E (hematoxylin and eosin)stained formalin fixed tissue sectioned at 8 μm. The media area and lumen area of pulmonary arterioles were mea-sured with ImageJ software by a technician blinded to treatment group. Measurements were made on at least 40 pulmonary arterioles per section. The ratio of the lumen area to the total media area (L/M) was determined. This ratio normalizes the variation in total pulmonary arteriole area. In addition, occlusive analysis was performed in the MCT+PN study (specifically, efficacy study 5) according to the method of Homma et al. 12 Briefly, precapillary arterioles were assigned grade 0 for no evidence of neointimal lesions, grade 1 for less than 50% luminal occlusion, and grade 2 for greater than 50% occlusion. Masson trichrome stains were performed on lung sections from the MCT+PN model.
NanoPro immunoassay
Relative differences in phosphorylated AKT, ERK1/2, and STAT isoforms were measured with a NanoPro100 immunoassay system (Protein Simple/Cell Biosciences, Santa Clara, CA) according to the methods of Iacovides et al. 13 and Fan et al. 14 
Immunohistochemistry
Antigen retrieval was performed with citrate buffer (pH 6.0) or Tris-EDTA (ethylenediaminetetraacetic acid) buffer (pH 9.0). Immunohistochemistry was performed for the following targets: vWF, alpha-smooth muscle actin (αSMC), PDGF AA, PDGF BB, PDGFRα, total PDGFRβ, phospho-PDGFRα, and phospho-PDGFRβ. Signal detec-tion was performed with an EXPOSE HRP/DAB (horseradish peroxidase/diaminobenzidine) kit (AbCam).
Statistical analysis
Data are presented as mean AE SEM unless otherwise noted. Analysis of variance (ANOVA), with the Bonferroni correction for multiple-group comparisons, or repeatedmeasures ANOVA was used (XLSTAT, Addinsoft, New York, and SPSS 14.0). For in-cell Western assays, the IC50 of drug response was determined on the basis of best-fit curves using a nonlinear regression model (XLSTAT). Significance was set at the P ¼ 0.05 level.
RESULTS
Characterization of PK10453
An in vitro kinase assay demonstrated that the IC50 for PK10453 at the Michaelis-Menten constant for adenosine triphosphate (ATP K m ) was 10.1 nM for PDGFRα and 35 nM for PDGFRβ. For imatinib, the IC50 at ATP K m was 71 nM for PDGFRα and 607 nM for PDGFRβ ( Fig. 1 ).
In-cell Western assay
Results of this assay are show in Figure 2 . The IC50 of PK10453 for PDGF BB-stimulated AKT phosphorylation at Ser473 was 0.13 μM, compared to 1.8 μM for imatinib (P < 0.01). The IC50 of PK10453 for PDGF BB-stimulated AKT phosphorylation at Thr308 was 0.43 μM, versus In-cell Western assays (ICWs) demonstrating the lower IC50 (half-maximal inhibitor concentration) of PK10453 against PDGF BB-stimulated phosphorylation of AKT at Ser473 and Thr308, compared to that of imatinib, in human fetal lung fibroblasts (HLFs). A, B, PDGF AA stimulation of pAKT(Ser473) (A) and pAKT(Thr308) (B ) in HLFs was blocked by PK10453 (squares) and imatinib (triangles), with a comparable IC50 between 0.3 and 0.6 μM. C, PDGF BB stimulation of pAKT(Ser473) was blocked by PK10453 (squares) with an IC50 of 0.13 μM, compared to 1.8 μM for imatinib (triangles). D, PDGF BB stimulation of pAKT (Thr308) was blocked by PK10453 (squares) with an IC50 of 0.43 μM, compared to 3.25 μM for imatinib (triangles). Bottom, 3.25 μM for imatinib (P < 0.001). The IC50s of PK10453 and imatinib for PDGF AA-stimulated AKT phosphorylation were not significantly different.
Estimated inhaled dose
The average concentration of PK10453 was 62.4 AE 3.3 μg/ cm 2 filter paper for the 4-minute exposure and 137 AE 7.0 μg/ cm 2 for the 8-minute exposure, which resulted in an aerosol concentration of 91.65 μg/L air for the 4-minute exposure and 100.6 μg/L air for the 8-minute exposure. The aerosol concentration of imatinib, from gravimetric analysis, was 167 μg/L. The average inhaled dose (8-minute exposure), assuming a deposition fraction of 0.1 and a rat weight of 300 g, was approximately 20 μg/kg for PK10453 and 40 μg/kg for imatinib (Table 1) .
Lung distribution and pharmacokinetics of inhaled PK10453
Fluorescent images of the lung sections following inhalation of PK10453 with IR-780 tracer are shown in Figure 3 . The fluorescence intensity is well distributed throughout the lungs. The network of darker lines arises from the connective tissue and therefore does not represent the airways affected by the disease. The spatial distribution of imatinib was similar (data not shown).
For the pharmacokinetic study, the concentration of PK10453 in the lung when administered by inhalation was compared to the concentration achieved with intravenous (IV) administration. It is possible to estimate the pharmacokinetic advantage of inhalation (INH) relative to IV administration, R d , by comparing the AUCs of a plot of the drug concentration as a function of time following INH and IV administration: 10,15,16
The pharmacokinetic data were modeled to a first-order exponential curve, and the AUC was calculated from the curves ( Table 2 ). Figure 4 shows the drug level in lung and plasma as a function of time following inhalation or IV administration of PK10453. Figure 5B ). The data are represented by this ratio because the septum is shared by the RV and the LV. However, use of the RV/(IVS þ LV) ratio also showed similar results.
examples of ICWs for PDGF AA-and PDGF BB-stimulated AKT phosphorylation, PK10453 versus imatinib. The signal at 800 nm is color-coded green and represents the phospho-protein-specific signal; the signal at 700 nm is color-coded red and represents signal from total AKT. In the examples shown, the 800-and 700-nm signals are superimposed. PDGF: platelet-derived growth factor. In A-D, pAKT: phosphorylated AKT; tAKT: total AKT; section sign ( §) indicates P < 0.01; asterisk indicates P < 0.001. Fig. 5D ).
Efficacy studies in the rat MCT+ PN model Telemetry efficacy studies 3 and 4. The results of the telemetry studies in the rat MCT+PN model are shown in Figure 6 . For the PK10453 telemetry study (study 3) at day 1 before start of treatment, the PA systolic pressure in the vehicle group was 47.4 AE 10.2 mmHg, and that in the PK10453 group was 43.1 AE 3.5 mmHg (P not significant). After 5 days of treatment, the PA sys-tolic pressure was 67.4 AE 11.4 mmHg in the vehicle group, and that in the PK10453 group was significantly lower, 47.2 AE 3.0 mmHg (P ¼ 0.03). On treatment day 9, the PA systolic pressure in the vehicle group was 92.8 AE 9.1 mmHg, but that in the PK10453 group was significantly lower, 50.5 AE 7 mmHg (P ¼ 0.03). For the imatinib telemetry study (study 4), at day 1, the PA systolic pressure in the vehicle group was 51.4 AE 8.9 mmHg, and that in the imatinib group was 41.5 AE 3.5 mmHg. At treatment day 9, the PA systolic pressure in the vehicle group was 80.4 AE14.2 mmHg, and that in the imatinib group was 75.1 AE 7 mmHg (P not significant). Fig. 7A ). PV loops were obtained in a subset of animals from each group (V: n ¼ 3; D4: n ¼ 5; D8: n ¼ 4). The RV ESP was lower and the RV EF was higher in both the D4 and D8 treatment groups, compared to those in the V group. Cardiac output in the D8 group was increased compared to that in the V group (Table 3) .
Effect of PK10453 on RV hypertrophy. Treatment with PK10453 resulted in a significant decrease in RV hypertrophy in the rat MCT+PN model (Fig. 7B ). The (RV þ IVS)/LV ratio in the vehicle group (V; n ¼ 11) was 0.88 AE 0.05, that in the PK10453 D4 group (n ¼ 13) was 0.62 AE 0.04, and that in the PK10453 D8 group (n ¼ 7) was 0.68 AE 0.05 (P < 0.001 for D4 vs. V; P ¼ 0.012 for D8 vs. V).
Pulmonary arteriole histology and morphometric analysis. The L/M was significantly higher in the PK10453-treated D8 group than in the D4 or vehicle (V) groups: 0.72 AE 0.05 for D8 (n ¼ 5), 0.33 AE 0.06 for D4 (n ¼ 6), and 0.26 AE 0.04 for V (n ¼ 6; P < 0.0001 for D8 vs. V or D8 vs. D4; Fig. 7C ). Occlusion analysis was performed on the same animal samples used for the L/M measurements. The occlusion analysis demonstrated a significant reduction in grade 2 occlusion lesions in the PK10453 D8 treatment group (V: 41.5% AE 7.1%; D4: 28.5% AE 4.2%; D8: 11.4% AE 4.1%; P < 0.01 for D8 vs. V; Fig. 7D ). Figure 8A shows an H&E stain of an occlusive (grade 2) lesion in a vehicle-treated animal (MCT+PN model); comparison is made to a grade 0 vessel from a PK10453 (D8)-treated animal (Fig. 8B ). An example of a grade 2 lesion stained for phospho-PDGFRβ is shown in Figure 8C , with comparison to a grade 0 lesion from a PK10453 (D8)-treated animal (MCT+PN model) in Figure 8D . Staining for phospho-PDGFRβ showed intense signal in a cobblestone pattern in grade 2 lesions. Note: The study animals underwent left pneumonectomy, followed 7 days later by 60 mg/kg monocrotaline (MCT), administered intraperitoneally. Two weeks after MCT administration, PK10453 or vehicle was given by inhalation 3 times a day for 2 weeks. Pressure-volume loops were acquired at the end of this period. Data are reported as mean AE SEM. Treatment groups: V ¼ vehicle only; D4 ¼ 4-minute inhalation treatment with PK10453; D8 ¼ 8-minute inhalation treatment with PK10453. HR: heart rate (bpm: beats/min); ESP: end-systolic pressure; EDP: end-diastolic pressure; ESV: end-systolic volume; EDV: end-diastolic volume; SV: stroke volume; CO: cardiac output; EF: ejection fraction; SW: stroke work.
* P < 0.001 versus V. ** P ≤ 0.01 versus V. § P ≤ 0.05 versus V. partial loss of vascular smooth muscle cells (SMCs) in the medial layer, and advanced Grade 2 lesions by extensive MF and EC intraluminal proliferation with complete loss of vascular SMCs in the medial layer and fibrotic replacement of the media (Fig. 9 ).
Immunohistochemistry for PDGF signaling
In precapillary pulmonary arterioles, signaling through the PDGFRβ pathway was dominant. Signal for the PDGF AA ligand and PDGFRα was present but qualitatively lower than signal for PDGF BB and PDGFRβ. Phosphorylated PDGFRβ had a cobblestone appearance in neointimal cells and in perivascular cells and was stronger than the signal for phospho-PDGFRα in precapillary pulmonary arterioles. Minimal signal for phospho-PDGFRβ or phospho-PDGFRα was detected in the medial layers of the precapillary pulmonary arterioles (Fig. 10 ). In larger (>50-μm) vessels, signal for phospho-PDGFRα was present in medial vascular SMCs. In contrast, phospho-PDGFRβ signal in the medial layer was low (Fig. 11) . NanoPro immunoassays and Western blots. NanoPro immunoassays for pAKT (phosphorylated AKT)/AKT are shown in Figure 12 and those for pSTAT3/STAT3 in Figure 13 . There was a significant reduction in the ratio pAKT (Ser473)/AKT in the D8 group compared to that in the vehicle group. In both the D4 and D8 groups, the pSTAT3/ STAT3 was decreased compared to that in the vehicle group. Figure 14 shows the effect of inhaled PK10453 on ppERK1/ERK1, pERK1/ERK1, ppERK2/ERK2, and pERK2/ ERK2 (where "p" stands for "monophosphorylated and "pp" for "diphosphorylated") in lung homogenates. There were significant reductions in ppERK1/ERK1 and pERK1/ ERK1 in the D4 and D8 groups, compared to those in the vehicle group.
Body weights, systemic BP, and plethysmography studies
Compared to that in the vehicle group, there was a trend toward a slower rate of decline in body weight in the treated groups (data not shown). On day 7 of treatment, systolic BP was 111 AE 21 mmHg in the MCT vehicle group (n ¼ 3), compared to 131 AE 10 mmHg in the MCT PK10453 group (n ¼ 3). Two-chamber plethysmography was measured at days 1 and 15 of PK10453/vehi- cle administration in the rat MCT+PN model. The results are shown in Table 4 . Treatment with PK10453 was associated with a slower decline in MV and a significant improvement in peak inspiratory flow (PIF) and peak expiratory flow (PEF) in the 4-minute exposure group (D4), compared to the vehicle group.
DISCUSSION
This study demonstrated that a novel, nonselective PDGFR inhibitor, PK10453, when delivered by inhalation, prevented the progression of PAH in both the rat MCT and the rat MCT+PN models. Of note, this is the first study to report efficacy of PDGFR inhibition in the rat MCT+PN model. A sustained reduction in PA pressure was also found in ambulatory PAH (MCT+PN) animals treated with PK10453. Concomitant with a significant reduction of PA systolic pressure and RVSP in these models, a reduction in RV hypertrophy and an improvement in the L/M of pulmonary arterioles were demonstrated. PV loops displayed an improvement in RV EF, a higher cardiac output, and a trend toward lower stroke work in PK10453-treated animals, compared to those in control animals. In lung extracts of PK10453-treated animals, there was a significant reduction in the pAKT(Ser473)/AKT, pSTAT3/STAT3, ppERK1/ERK1, and pERK1/ERK1 ratios.
Because PAH is a disease substantially localized to the lung, we tested the hypothesis that direct administration of the drug to the target site via inhalation would offer the advantage of higher local concentrations (greater efficacy) and lower systemic concentrations of drug (lower Figure 9 . Immunohistochemistry for alpha-smooth muscle actin (αSMC), trichrome, and von Willenbrand factor (vWF) stains showed a mixed population of endothelial and myofibroblast-like cells comprising the neointimal and proliferative lesions in pulmonary arterioles in grade 0-2 lesions. Grade 0 lesions were characterized by early intraluminal endothelial cell proliferation and the presence of vascular smooth muscle cells in the media (A, αSMC; D, trichrome; G, vWF). Grade 1-2 lesions had extensive intraluminal myofibroblast-like cells, some endothelial cells, and partial fibrosis of the medial layer (B, αSMC; E, trichrome; H, vWF). Advanced grade 2 lesions were characterized by extensive intraluminal myofibroblast-like and endothelial cell proliferation and complete fibrotic replacement of medial layer (C, αSMC; F, trichrome; I, vWF). Long arrows point to the intraluminal space with proliferative lesions, and short arrows point to the medial layer of the pulmonary arterioles. All photomicrographs were taken from a vehicle-treated animal (monocrotaline plus pneumonectomy model); 40× objective. side effects). Pharmacokinetic studies demonstrated a 45-fold advantage of inhalation delivery over IV administration of PK10453. While PK10453 decreased RVSP by 50% in the rat MCT model, it did not have an adverse effect on systemic BP. In addition, inhaled PK10453 did not appear to adversely affect lung function over a 2-week course of administration.
In the rat MCT model, we compared inhaled PK10453 to inhaled imatinib and found the two to be equally effective. These results are consistent with prior reports that the PDGFR inhibitor imatinib, when delivered systemically, decreased pulmonary hypertension in the rat MCT model. 2 However, in the rat MCT+PN model, while inhaled PK10453 was effective in lowering pulmonary pres- Figure 10 . Platelet-derived growth factor receptor (PDGFR) signaling in the rat monocrotaline plus pneumonectomy model. A, PDGF AA in a pulmonary arteriole; B, PDGF BB; C, total PDGFRα; D, total PDGFRβ; E, phospho-PDGFRα; F, phospho-PDGFRβ. Signal intensity was greater for PDGF BB, PDGFRβ, and especially phospho-PDGFRβ than for PDGF AA, PDGFRα, and phospho-PDGFRα. The phospho-PDGFRβ signal was intense in a cobblestone pattern in neointimal proliferative and perivascular lesions. Signal intensity was relatively low in the vessel media layer. Arrows points to the vessel lumen containing proliferative lesions. All slides are from the vehicle-treated group, 40× objective. sures, inhaled imatinib was not. The rat MCT+PN model is a more aggressive model of PAH than the MCT-only model and may more accurately reflect the pathology of the human disease. 11 In vitro measurement of IC50 for inhibition of PDGFRα and PDGFRβ showed that PK10453 was more potent than imatinib against both isoforms and that imatinib is only a modest inhibitor of the PDGFRβ isoform. Immunohistochemistry demonstrated that the neointimal lesions in the rat MCT+PN model have high levels of phospho-PDGFRβ, with less phospho-PDGFRα. These findings could explain why nonselective inhibition of both PDGFRβ and PDGFRα provided a therapeutic advantage over selective inhibition of PDGFRα.
Our findings are consistent with those reported by Panzhinskiy et al. 17 for the neonatal calf model of high altitude-induced pulmonary hypertension. In this model, extensive perivascular proliferation of adventitial fibroblasts was demonstrated, along with activation of phospho-PDGFRβ. These lesions are similar to the pattern we ob-served in the rat MCT+PN model. Our findings are also consistent with those reported for human PAH. Perros et al. 1 described the distribution of PDGFA, PDGFB, PDGFRα, PDGFRβ, and phospho-PDGFRβ in pulmonary arterial lesions of patients with PAH. PDGFRα expression was found mainly within the muscular medial layer of hypertrophied pulmonary arterioles, whereas PDGFRβ and phospho-PDGFRβ were dominant in ECs of plexiform lesions.
The selectivity of imatinib for PDGFRα has not been previously emphasized in studies of PAH. Inhibition by imatinib of PDGF AA-stimulated PDGFRα phosphorylation was reported to be 0.1 μM, whereas inhibition of PDGF BB-stimulated PDGFRβ phosphorylation was 0.38 μM. 18, 19 In our studies, we found that, at ½ATP K mðappÞ , imatinib was 8.5-fold more selective for PDGFRα than for PDGFRβ (IC50: 71 nM against PDGFRα vs. 607 nM against PDGFRβ). Most PAH-related cell-based studies interrogating the PDGFR pathway have used high doses of Figure 12 . A-D, NanoPro immunoassays for the monocrotaline plus pneumonectomy model: A, pAKT(Thr308) and total AKT, vehicle-treated animals; B, pAKT(Thr308) and total AKT, PK10453-treated animals; C, pAKT(Ser473) and total AKT, vehicle-treated animals; D, pAKT(Ser473) and total AKT, PK10453-treated animals. E, The pAKT(Thr308)/AKT ratio in lung extracts was not significantly different between the groups. F, The pAKT(Ser473)/AKT ratio in lung extracts was lower in the D8 group than in the V group (n ¼ 5 for V and D8; n ¼ 4 for D4); section sign ( §) indicates P < 0.05 for D8 versus V. pAKT: phosphorylated AKT. Treatment groups in E, F: V: vehicle only; D4: 4-minute PK10453 treatments 3 times/day for 2 weeks; D8: 8-minute PK10453 treatments 3 times/day for 2 weeks. imatinib (5-10 μM), which would not allow a differentiation between inhibition of the PDGFRα isoform and that of the PDGFRβ isoform. 1, 20 Wu et al. 21 examined PDGFR signaling in genetically defined mouse embryonic fibroblasts (MEFs). The MEFs were engineered to express only PDGFRα or PDGFRβ, both, or neither. Signaling through PDGFRα and PDGFRβ was found to have both shared and distinct pathways. Thirty-three gene sets were distinctly activated by PDGFRα and 15 by PDGFRβ. PDGFRα/β heterodimers activated components of NFκB (nuclear factor kappa-B) and IL-6 (interleukin-6) signaling. Calcium flux pathways were regulated by both PDGFRα and PDGFRβ. Signaling involved with angiogenesis was solely regulated through the PDGFRβ pathway. This finding is consistent with the selective increase in phospho-PDGFRβ that we found within the neointimal lesions of precapillary pulmonary arterioles of the rat MCT+PN model. PDGF BB has been found to induce phosphorylation of AKT at Ser473 in PASMCs and fibroblasts but not in pulmonary arterial ECs. 22, 23 Increased phosphorylation of AKT(Ser473) was also found in cells with a smooth muscle phenotype from endarterectomies of patients with chronic thromboembolic PAH. 24 PDGF BB stimulation increased store-operated calcium entry via the AKT/ mTOR (mammalian target of rapamycin) pathway in these cells. 23, 24 In PASMCs from control and MCTtreated rats, imatinib (0.1 μM) decreased fetal calf serumstimulated Ser473 AKT phosphorylation but had no effect on phosphorylation of AKT at Thr308. 25 At this concentration, it is likely that imatinib was acting via PDGFRα. Wu et al. 21 found that STI-571 (imatinib) at 5 μM blocked PDGF BB-stimulated AKT phosphorylation (Ser473) in both PDGFRβ-null and PDGFRα-null cell lines. We developed an in-cell Western assay to examine PDGF AA and PDGF BB stimulation of AKT(Ser473) and AKT(Thr308) phosphorylation in HLFs. We compared inhibition by imatinib of PDGF AA-or PDGF BB-stimulated phosphorylation of AKT to inhibition by PK10453 in this system and found that PK10453 was more potent. We used a nanofluidic proteomic immunoassay to quantify phosphorylated species of AKT, STAT3, and ERK1/2 in lung extracts of Figure 14 . A-D, NanoPro immunoassay lumograms for phospho-ERK1/2 and total ERK1/2 in MCT+PN (monocrotaline plus pneumonectomy) rats: A, phospho-ERK1/2 in a vehicle-treated animal; B, phospho-ERK1/2 in a PK10453-treated animal; C, total ERK1/2, vehicle-treated animal; D, total ERK1/2, PK10453-treated animal. E, F, PK10453 decreased ppERK1/ERK1 (E) and pERK1/ ERK1 (F ) in the lung; asterisk indicates P < 0.001 for D8 versus V; section sign ( §) indicates P < 0.05 for D4 versus V. G, H, No significant effect on ppERK2/ERK2 (G) or pERK2/ERK2 (H ) was found. Treatment groups in E-H: V: vehicle only; D4: 4-minute PK10453 treatments 3 times/day for 2 weeks; D8: 8-minute PK10453 treatments 3 times/day for 2 weeks (n ¼ 4 each group). In all panels, an initial "p" stands for "monophosphorylated, and "pp" stands for "diphosphorylated"; ERK1/2: extracellular signalregulated kinase 1/2. A color version of this figure is available online. MCT+PN animals. We found a significant reduction of phospho-AKT(Ser473), phospho-STAT3, ppERK1/ERK, and pERK1/ERK1 in the PK10453-treated groups, compared to levels in the vehicle-treated group. Schermuly et al. 2 demonstrated a reduction in phospho-ERK1/2 by imatinib in the rat MCT model of PAH. Jasmin et al. 26 have shown activation of STAT3 in the rat MCT model, and Masri et al. 27 found that STAT3 was activated in human iPAH. The nanofluidic proteomic immunoassays used in our study were previously used to examine the effects of imatinib on pSTAT3 and pERK1/2 in chronic myelogenous leukemia (CML). 14 This assay has utility in distinguishing monophosphorylated and diphosphorylated isoforms of proteins. For example, patients with CML who responded to imatinib had a distinct reduction in levels of monophosphorylated ERK2. 14 In our study, the ERK1 isoform and both the diphosphorylated form of ERK1 and the monophosphorylated form of ERK1 predominated in lungs of MCT+PN rats. Treatment with PK10453 significantly and selectively decreased ppERK1/ERK and pERK1/ERK1. We performed an occlusion analysis according to the method of Homma et al. 12 In the rat MCT+PN model, a higher dose of inhaled PK10453 was associated with fewer grade 2 occlusive lesions. We characterized these lesions by immunohistochemistry with markers for vascular SMCs and ECs and performed trichrome stains to differentiate muscular from fibrotic lesions. We found that the neointimal proliferative grade 1-2 lesions contained myofibroblasts and ECs. In advanced grade 2 lesions, there was fibrotic replacement of the vessel media. The origin of myofibroblasts in these lesions is not entirely clear. They could originate from infiltration of perivascular fibroblasts or pericytes, from circulating stem cells or resident progenitor cells, or as a consequence of endothelial-mesenchymal transition. 28, 29 While these lesions were detected at a single time point at the end of the study, it seems reasonable to propose that the type 0 lesion is an earlier-stage lesion that can progress to type 1 and type 2. In this model, intraluminal ECs proliferate, transition to a myofibroblast phenotype (and/or the lumen is infiltrated by perivascular cells/myofibroblasts), and progressively occlude the vessel lumen.
Sakao et al. 30 have highlighted the importance of distinguishing regression of vascular muscularization (reverse remodeling) from potentially irreversible EC proliferation in PAH. Our data suggest that signaling through the PDGFRα pathway plays an important role in vascular remodeling of larger pulmonary arterioles in PAH, whereas the PDGFRβ pathway is more important in the proliferative neointimal lesions of precapillary pulmonary arterioles. Targeting the PDGFRβ pathway with a PDGFR inhibitor that potently blocks this isoform (more potently than imatinib) may influence progression of these lesions. We propose that if such lesions are treated before full fibrotic replacement and vessel regression, there may still be some reversibility of these lesions.
In conclusion, an inhaled nonselective PDGFR inhibitor, PK10453, was effective in both the MCT and MCT+PN rat models of PAH. Treatment with PK10453 was associated with a significant reduction in PA pressures in ambulatory animals, an improvement in RV function, and a reduction in RV hypertrophy. Histologic analysis demonstrated an improvement in the pulmonary arteriole L/M in animals treated with PK10453 and a decrease in the phosphorylation Note: Data are presented as mean AE SEM. PIF: peak inspiratory flow; PEF: peak expiratory flow; TV: tidal volume; MV: minute ventilation; f : breathing frequency; SR aw : airway resistance.
* P < 0.01, D4 versus V. § P ¼ 0.02, D4 versus V.
state of AKT(Ser473), STAT3, and ERK1. There was no significant effect of PK10453 on systemic BP and no adverse effect of PK10453 on lung function. In contrast to imatinib, PK10453 is not selective for PDGFRα but rather is highly potent against both the PDGFRα and PDGFRβ isoforms. Because the PDGFRβ pathway is more highly activated than the PDGFRα in plexiform lesions of PAH, a nonselective PDGFR inhibitor such as PK10453 may have advantages in the treatment of PAH. PK10453, when administered by inhalation, has potential as a treatment for PAH.
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